The water balance of the closed freshwater Lake Awassa was estimated using a spreadsheet hydrological model based on long-term monthly hydrometeorological data. The model uses monthly evaporation, river discharge and precipitation data as input. The net groundwater flux is obtained from model simulation as a residual of other water balance components. The result revealed that evaporation, precipitation, and runoff constitute 131, 106 and 83 × 10 6 m 3 of the annual water balance of the lake, respectively. The annual net groundwater outflow from the lake to adjacent basins is 58 × 10 6 m 3 . The simulated and recorded lake levels fit well for much of the simulation period (1981)(1982)(1983)(1984)(1985)(1986)(1987)(1988)(1989)(1990)(1991)(1992)(1993)(1994)(1995)(1996)(1997)(1998)(1999). However, for recent years, the simulated and recorded levels do not fit well. This may be explained in terms of the combined effects of land-use change and neotectonism, which have affected the long-term average water balance. With detailed long-term hydrogeological and meteorological data, investigation of the subsurface hydrodynamics, and including the effect of land-use change and tectonism on surface water and groundwater fluxes, the water balance model can be used efficiently for water management practice. The result of this study is expected to play a positive role in future sustainable use of water resources in the catchment.
INTRODUCTION
Growing population density, excessive water use and catchment land-use change are putting increasing pressure on the Ethiopian Rift lakes and the rivers draining into them (Ayenew, 2004a) . Although Lake Awassa is not currently affected by direct lake water abstraction, there is a possibility of using the lake and feeder rivers for irrigation in the very near future (WWDSE, 2001) . In some affected Rift lakes, increased abstraction of water has led to conflicting opinions among the different riparian groups concerned with water resources development and conservation. There is mounting fear that increased abstraction will lead to drying up of the lakes. On the other hand, water users pumping the lakes and feeder rivers believe that what they abstract cannot be a major factor in lowering the level of the lakes. Their argument is that the amount they abstract is negligible in comparison to effects of climatic changes. According to Ase et al. (1986) , some lakes in the East African Rift system were formerly (1980s) much smaller than today. There was hardly any irrigation at that time. Unlike many lakes in the Ethiopian Rift, the level of Lake Awassa has risen in recent years. This change has been explained in terms of deforestation, which increases the runoff to the lake, and siltation of the lake (WWSDE, 2001) . In both cases, the justification is speculative rather than supported with scientific data.
The question is a matter of lake water balance and the causative factors, which require careful study of the components of the hydrological cycle in relation to natural and anthropogenic factors that may affect the lakes (Becht & Harper, 2002) . The water balance of Lake Awassa has been of wide interest for many years: initially because of scientific curiosity about the causes of the lake level rise, but lately for its influence on the infrastructure of the rapidly growing Awassa town located on the eastern shore, in terms of flood damage (Fig. 1) . During extreme wet seasons part of the town is flooded. There has always been urgency in protecting the town from flooding.
The water balance study and assessment of the lake level fluctuation in space and time are essential both for the proper design of flood-protection structures and for the sustainable use of the water resources. In this regard, very few general studies have been carried out. The hydrogeology of the lakes district in the Main Ethiopian Rift (MER), including Lake Awassa, was studied by the Ethiopian Geological Survey (Chernet, 1982) . Other relevant works include a master plan study of Awassa town which addresses design flood protection issues and sanitation problems (NUPI, 1994) and a geothermal report on the Rift (UNDP, 1973) . Rough estimates of groundwater outflow and water balance have been made by some authors (Nidaw, 1996; Geremew, 2000; Ayenew, 2001 Ayenew, , 2002 . Telford et al. (1999) and Lamb et al. (2002) studied the palaeo-environment of the Awassa area. None of these studies addressed the water balance of the lake in detail. Recently, lake level fluctuations and the general hydrogeology and engineering geology have been studied by the Ministry of Water Resources (WWDSE, 2001 ) and the Ethiopian Geological Survey (Dessie & Tessema, 2003) . This paper presents the water balance of the lake in detail, by accounting the various components of the hydrological cycle, with particular reference to groundwater flux. The main objective is to model the lake-level fluctuations using long-term hydrometeorological time series data and deduce whether such fluctuations can be explained in terms of natural factors only. Recent land-use changes and neotectonic activities are accounted for indirectly in the model by simulating under different scenarios of changed runoff and aquifer parameters.
SITE DESCRIPTION
Lake Awassa is one of the few freshwater lakes within the Ethiopian Rift valley (electrical conductivity: 802 µS cm -1 , pH: 8.6) situated on the floor of the central MER at an altitude of 1680 m a.m.s.l. The lake is a vital source of livelihood for over five million people. The inhabitants depend on the lake for fishing and recreation. At the national level, it is a major source of income through tourism and is one of the biggest bird sanctuaries in Ethiopia. The Awassa area has a sub-humid climate and receives a mean annual precipitation of around 960 mm concentrated in the eight-months-long rainy season (FAO, 1984) . The mean annual pan evaporation at Awassa is 2140 mm (Chernet, 1982) ; mean annual temperature varies only slightly through the year; and the long-term mean annual temperature is around 19°C. The endorheic Lake Awassa catchment is contained within an overlapping pair of calderas-Awassa and Corbetti-containing Lake Cheleleka (Shalo) and the terminal Lake Awassa. The basin has an area of 1455 km 2 , of which lakes Cheleleka (7°06′N, 38°33′E; 1685 m a.s.l.) and Awassa (7°04′N, 38°26′E) occupy 14.5 km 2 and 93 km 2 , respectively. Swamps surrounding Lake Cheleleka occupy a further 63 km 2 (Telford, 2002) . Larger area estimates for Lake Awassa, cited from early works (e.g. 150 km 2 : Zanon, 1942 ; 129 km 2 : Cannicci & Almagiŕ, 1947) , are inclusive of Lake Cheleleka. The Awassa caldera is of Pliocene age (Woldegebriel et al., 1990) underlain by ignimbrites. Joints and faults enhance the permeability of the ignimbrite. Major faultcontrolled springs feed the lake. The main rock units in the basin are volcanolacustrine deposits and acidic volcanics (Di Paola, 1972) . The recent acidic volcanics consist of obsidian, which forms the northern watershed boundary, and pyroclastic products covering the foot of the highlands encroaching towards the lake from the northern recharge area. There are also scoraceous deposits made of scoria cones with unconsolidated fragments of volcanic origin. Locally there are good unconfined aquifers covered with volcano-lacustrine deposits (Chernet, 1982; Nidaw, 1996) . The faulting which produced the Rift valley has led to extensive and often intense fracturing of the rocks. Recently reactivated very wide faults are evident in the floor of the caldera.
The Awassa caldera floor is fed by five independent tributary rivers. The bordering scarps and volcanic complexes have an elevation difference varying from 200 to 900 m. Runoff from the eastern wall of the caldera feeds Lake Cheleleka. Overflow from Lake Cheleleka drains into Lake Awassa through the Tikur Wuha River, Lake Awassa's primary affluent river. The catchment on the north and northeastern sides consists of perennial streams, draining into Lake Cheleleka. On the eastern, western, northwestern and southern sides of the catchment, no perennial river flow reaches the lake. Many of the ephemeral streams terminate in wide-open faults before they reach the lake. Lake Awassa has no effluent rivers; from a surface water point of view, the Awassa catchment is closed.
Lake Awassa is anomalously dilute (Wood & Talling, 1988) , despite being located in a topographically closed system. Various mechanisms have been suggested to explain the low salinity of the lake and other low-salinity closed-basin lakes in the East African Rift Valley. The simplest explanation for low salinity is overflow, but there is no evidence that Lake Awassa overflowed during the Holocene. Wood & Talling (1988) suggest that Lake Awassa may have more dilute inflowing rivers than other lakes, but the rivers flowing into Lake Awassa are as dilute as those flowing into the more saline open lakes Langano and Ziway located in the northern adjacent basin (Richardson & Richardson, 1972) . Groundwater outflow towards the low-lying and deep Lake Shala, as demonstrated by Darling et al. (1996) using isotopic evidence and groundwater flow modelling (Ayenew, 2001 (Ayenew, , 2003 , remains the most plausible mechanism for maintaining low lake salinity. Aside from the isotope and hydrochemical studies done previously, evidence of the groundwater outflow in this paper is gained from the hydrological model simulation carried out to estimate the various components of the hydrological cycle of the catchment.
THE SPREADSHEET WATER BALANCE MODEL
The Spreadsheet Water Balance Model (Becht & Harper, 2002 ) requires recorded hydrometeorological data and estimates the unknown components of the water balance (groundwater) by comparing recorded and simulated lake levels. The model has provided reliable information on groundwater inputs and outputs from the Kenyan Rift lakes on the basis of known surface water balance components (Oppong-Boateng, 2001; Nabide, 2002; Armstrong, 2002) .
The methodology is centred on optimization, calibration and validation of a conceptual deterministic quasi-distributed hydrological model. The calibration parameters are based on estimates derived from historical measurements of lake levels, river discharge and evaporation. The water balance components used are inflow from rivers, precipitation on the lake surface, evaporation from the lake, indirect inflow from ungauged catchments, as well as a dynamic groundwater component that represents the interactions of the lake with the surrounding aquifer.
In the model, the available recorded hydrological data are given in the basic data file (arranged in Microsoft Excel columns). The model tries to estimate the unknown net groundwater flux by comparing the simulated and recorded lake levels. If a fit between the simulated and observed lake levels is not achieved within a reasonable range of estimated values, an attempt is made to explain the divergence in terms of other natural and anthropogenic factors on the basis of field observations. In the course of simulation, the model uses the various sums and adjustments to arrive at an index of surface runoff and the unknown net groundwater flux. The known observed values are precipitation, lake evaporation and gauged river discharge into the lake. The net evaporation volume is estimated from the monthly average lake surface area multiplied by the net open water evaporation depth. In the simulation result, columns are provided for monthly observed lake level, calculated lake level, calculated surface area and calculated volume, consecutively. The calculated surface area and volume are derived from stage volume-surface area relationships (rating curves). Another column is provided for the squared difference between the observed and calculated levels and areas. The monthly change in storage is calculated from the total inflows and outflows (showing the temporal variations of lake levels). Abstraction for various purposes is assumed to be negligible.
The lake level-area-volume relationship is built into the model and allows the calculation of the known water balance components (expressed in depth of water) in terms of volume. The model uses a monthly time step, and the water balance is expressed as:
Volume change = inflow (river and overland flow) + precipitation -evaporation ± Q in -Q out (1) where Q in and Q out are, respectively, the inflow to and outflow from a hypothetical dynamic groundwater aquifer linked to the lake. The value of Q (m 3 month -1 ) is derived as:
where C is the hydraulic conductance of the aquifer (m 2 month -1 ) and H is the water level (m).
The water level in the aquifer is updated using the inflow and outflow calculated for the previous month, H pre (m 3 month -1 ):
and
where H aquifer-new is the head in the aquifer in the month under consideration and H in-old is the head in the previous month; A is the surface area and S y is the specific yield of the aquifer obtained from pumping test data. The water balance deficit, Q, is set to a constant for each model run. It lumps, and to a certain extent balances out, all missing parts and errors in the water balance. The major component is the outflow from the lake, but the long-term unknown inflows from direct runoff and groundwater inflow, and a systematic over-or underestimate of the inflow, precipitation and evaporation are also part of this term. The groundwater is related to the lake by a node which considers the level of the lake and the groundwater, including specific yield and area of the aquifer obtained from hydrogeological maps (Dessie & Tessema, 2003) and pumping test results from wells surrounding the lake. The model is optimized by minimizing the sum of squared differences between observed and simulated monthly lake levels. The model parameters subject to optimization were: the constant outflow, the hydraulic conductance of the lake-aquifer system and the specific yield of the groundwater reservoir.
The lake water balance is computed by estimating all the lake's water gains and losses, and the corresponding change in volume over the period, Δt. The water balance of the lake is given by:
where ΔV is the change in the amount of water stored in the lake during Δt; P is precipitation over the lake; E is lake evaporation; S in is the surface water inflow; and G in and G out are the inflows and outflows of groundwater, respectively, Water balance terms can be expressed in volumetric units (precipitation and evaporation multiplied by the average lake surface area during that time), or in linear units over the given time period (by dividing change in lake volume and volumetric fluxes by lake surface area).
The water balance equation can be rearranged to solve for the net groundwater (G net ):
When G net is positive, groundwater inflow exceeds outflow, and this value can be considered the minimum amount of groundwater inflow in the lake water budget; similarly, when G net is negative, net groundwater outflow occurs from the lake and this value can be considered to be the minimum amount of groundwater outflow in the lake water budget. Surface runoff and net groundwater flux are lumped together in the model as they cannot be distinguished with the data available. Later the two are separated assuming that the runoff coefficient for the entire catchment is 0.14.
MODEL INPUT, CALIBRATION AND OPTIMIZATION
The model requires historical hydrometeorological data. trend in lake level. High water levels in the early 1970s flooded parts of Awassa town (Makin et al., 1976) . Water levels were high again in late 1996 following a prolonged wet season (Telford et al., 1999) . The flow data for the Tikur Wuha River, gauged close to the lake, and the pan evaporation at Awassa town were used. Lake evaporation was obtained from pan evaporation (Colorado class A pan) by using a pan coefficient of 0.75. This value was found to give a realistic result in the MER, including the Awassa catchment (Ayenew, 2002; Legesse et al., 2003) . Current abstraction of water from the lake is assumed to be negligible. The bathymetric map created in 1999 by WWDSE (2001) and the historical lake stage record were used to establish the lake level-volume relationship, or rating curve, which is crucial to accurately convert the change in lake storage into the corresponding lake level in the water balance model. The water level-surface area rating curve is vital for accurate dynamic calculation of direct precipitation falling on the lake and evaporation from the lake during model simulations.
The model requires initial lake volume to estimate the model simulated lake levels in consecutive periods. The calculated initial lake volume is 1.05 km 3 , corresponding to a level of 1679.85 m a.s.l. for 1 January 1981, which is the starting time of model simulation.
The model is calibrated by a trial-and-error approach. Observed and calculated lake levels vs time were plotted under different simulation scenarios by making slight adjustments in the aquifer parameters and groundwater flux. The plot was automatically updated whenever chosen model parameters were adjusted. The probable ranges of the parameter values to be determined during the calibration were set on the basis of optimization and from experience obtained from adjacent similar catchments and historical records. Visual inspection of the plot of observed and computed water levels provided a qualitative evaluation of the calibration. To quantify the error in the calibration, a column was included in the model to compute the sum of the squared differences between the calculated and observed lake levels.
Optimization was done using known and observed hydraulic parameters by means of the solver function available in the Microsoft Excel program. Optimization was done each time with a view to minimizing the sum of squared differences between the observed and calculated lake levels. The model parameters which were optimized were the head differences between the lake and the groundwater level, hydraulic conductance, specific yield and the groundwater outflow (G out ). After optimization, the sum of squared differences did not exceed 0.2 in their respective units (as shown in Table 1 ).
RESULTS AND DISCUSSION
The first run of the model was done without a groundwater component. The calculated water levels followed the same trend as observed lake levels, but were on average higher than the observed values. The higher calculated lake level implies that the total observed lake storage is higher than would be expected if the lake did not have groundwater outflow. After the first model runs, very few erroneous data inputs became apparent and any such errors were adjusted as appropriate by changing the runoff. The simulation results improved, but there were still unacceptable differences between computed and observed lake levels. The errors seemed to be related to the Tikur Wuha River discharge measurement, which was affected during extreme wet periods when the Lake Awassa water expands close to the gauging station (backwater effect). After adjusting the Tikur Wuha River inflow, later groundwater outflow values were introduced. The initial specific yield and hydraulic conductivity used were based on published values for similar aquifer materials (Freeze & Cherry, 1979) and limited pumping test data. The average hydraulic conductivity, transmissivity and yield of wells are 4.2 m day -1 , 43.6 m 2 day -1 and 8 L s -1 , respectively. Finally, with a runoff coefficient of 0.14 and the constant annual groundwater outflow of 58 × 10 6 m 3 , a reasonable agreement between the measured and simulated lake levels was achieved for the simulation period (Fig. 3) .
The period from 1989 to 1999 shows a relatively poor fit between the simulated and observed lake levels. The recent misfit between the observed and the simulated lake levels is likely to be in part due to land-use changes and neotectonism. There is also some increase in precipitation after the mid-1990s. In fact the change in precipitation is incorporated in the model through the available precipitation records. However, the groundwater input may vary as the recharge increases from the high rainfall during this period. Groundwater inputs are assumed to be constant residuals of the other water balance components. According to Geremew (2000) , the sharp rise of the lake level from 1996 onwards is partly attributed to high precipitation during the years 1996, 1997 and 1998, which was 16, 7 and 12% above catchment average, Jan-83 Jan-85 Jan-87 Jan-89 Jan-91 Jan-93 Jan-95 Jan-97 observed lake level calculated lake level respectively. The resulting river discharge at the available gauge during these years is also 13-70% higher than the long-term average. According to the studies in the Awassa catchment made by the Ministry of Water Resources, there have been dramatic recent land-use changes, erosion and subsequent siltation of the lake. Based on the comparison of multi-temporal aerial photographs and land-use maps of the Awassa catchment for 1965 and 1998, open bush land, cultivated fields, open grazing land and urban areas have shown spatial increases of 136.2, 50.7, 7.2 and 185.7%, respectively (WWDSE, 2001) . Dense bushy woodland and open bushy wood land decreased by 55 and 73.8%, respectively. The size of Lake Awassa has shown an increase of around 4.5 km 2 during this time. The size of Lake Cheleleka declined dramatically due to siltation; currently much of the area is swampy grassland. The regulating role of this lake has decreased; instead major surface water input goes directly to Lake Awassa, which is located at the lowest topographic position in the catchment.
Regarding neotectonism, there is strong evidence of the disappearance of small ponds within the catchment due to newly formed faults following recent earthquakes. This is exemplified by the disappearance of the small Derba Pond, located southwest of Lake Awassa in the Muleti subcatchment (Fig. 4) . The water of the permanent Derba Pond (around 4 km 2 area) disappeared within a few days after the formation of large ground cracks generated by the 1989 earthquake (Ayenew, 2004b) . This observation is further supported by comparisons of satellite images taken at different times (1987 and 2003) clearly indicating the disappearance of the pond in 2003. The large ground cracks are clearly visible from enhanced satellite images. As for Lake Chileleka, the ultimate destination of the water that disappears is Lake Awassa. The ground cracks act as conduits to substantial groundwater which feeds lakes located at relatively lower positions in closed basins.
The observed and calculated lake storage values also show a good fit. Observed lake storage values are obtained from observed lake levels using the lake level-volume relationship. The closeness between observed and calculated lake volumes is as good as the fit between observed and calculated lake levels, with a similar regression coefficient, except for some wider divergence during the years 1989-1991 and 1997 onwards.
The long-term annual water balance component was estimated from the model simulation results after calibration. As results from the calibrated model, the major water balance components of the lake-in decreasing importance-are evaporation, precipitation and river discharge (Table 1) . For some of the water balance components, the modelling result coincides with previous estimates obtained using conventional methods (Halcrow, 1989; Nidaw, 1996; WWDSE, 2001) . Generally, the model results showed a good correspondence between the behaviour of the model and the actual situation. Aside from comparing observed and simulated lake levels, validation of the model was carried out by comparing lake level, volume and surface area. The scatter plot of the observed and simulated lake levels covering the entire calibration period gave a correlation coefficient, r, of 0.91. The calculated and observed lake volume also gave a high correlation coefficient (r = 0.92).
The lake area obtained by digitizing the lake perimeter from the Landsat satellite image of January 1994 and that calculated during the simulation process for the same month and year were compared in order to check how closely the simulation reflected reality on the ground. Areas of 93 and 97 km 2 were found from the satellite images and the simulation, respectively. Thus, during the period when simulated and observed lake levels differ by 10 cm, the model was able to reproduce the lake area with close to 5% error. This difference could be attributed, among other things, to the resolution of the digital elevation model (DEM) used to extract the lake area and to uncertainties on the lake bottom morphology from which the lake level area-capacity expressions were derived.
Sensitivity analyses were carried out for a further set of model runs, in which the sensitivity to perturbations in input data was examined. Starting from the base model, a certain number of perturbations were introduced to each variable. The sensitivity analysis was performed on the input variables thought to be of significance in the model calculation, such as precipitation, evaporation and discharge, as well as the established plausible calibrated values including the net groundwater flux, specific yield, hydraulic conductivity and aquifer area ( Table 2) .
The model is most sensitive to evaporation and precipitation. A 10% change in evaporation can cause up to 43 cm rise or fall, on average, in simulated lake level. Similarly, a 10% change in precipitation over the lake results in a change up to 34 cm in the simulated lake level. The variables to which the model is least sensitive are aquifer area and lake aquifer conductance. 
CONCLUSIONS AND RECOMMENDATIONS
According to the spreadsheet model simulation, the water balance components that play the most important roles in lake level fluctuation are evaporation, precipitation and runoff, which have long-term mean annual values of 131, 106 and 83 × 10 6 m 3 , respectively.
When the model was run based only on surface water balance components (in the absence of groundwater), there was a progressive separation between observed and calculated lake levels. The calculated levels imply that the lake should accumulate more storage than is actually observed. This separation could not be attributed to systematic errors in surface runoff, precipitation and evaporation measurements. Rather, it is an indication of a subterranean water outlet. The best fit in the model was obtained when the net annual groundwater outflow from the lake was set at 58 × 10 6 m 3 . There is agreement, within acceptable limits, between the recorded and calculated lake levels up to the late 1980s; after that date there is an increasing divergence between the values, which can be attributed to land-use changes resulting in high surface runoff and neotectonism allowing more groundwater input.
The discharge record shows an increasing trend, indicating increase in the runoff, which is attributed to substantial deforestation in the catchment and siltation of swamps during the past three decades. This agrees with recent studies indicating the transformation of Lake Cheleleka into a grass-covered swamp and extensive deforestation which converted evergreen vegetation into cultivated land.
During peak precipitation periods with exceptionally high precipitation intensity, the lake does not respond quickly. This may be related to the moderating effect of Lake Cheleleka and to water flow into large newly-formed cracks in the ground.
Implementation of distributed precipitation-runoff models, which take into account the detailed representation of the physiographic and climatic characteristics of the catchment, is crucial to obtain more reliable water balance estimates of the catchment. If the spreadsheet model is physically based, it can be used to predict the hydrological effect of changes in the catchment and climate.
Some of the permitted river and spring abstraction may well have slightly influenced the long-term flow data. There is a growing interest in using spring and river waters for irrigation and community water supply. There is thus an urgent need to accurately measure all the abstractions from rivers, lake and groundwater, in order to build an accurate water balance model that can be used for future sustainable water management.
To establish a well-calibrated model that can readily be used for water management purposes, more systematically collected data are required. It has been shown that, with the exception of the groundwater component, the model-simulated and conventionally-computed water balance components agree reasonably. This means that estimating the groundwater fluxes using appropriate methods, such as seepage meters and tracers, will allow a better understanding of the spatial and temporal variations in the poorly recorded water balance components. Levelling the existing water points, which allows one to determine the exact elevations of the surface water and groundwater levels, and detailed knowledge of the hydrogeological behaviour of the lake catchment are required. It is known that the Rift floor is disturbed with multi-directional fault systems; thus their relationships with the surface water and groundwater flow systems and recording of neotectonic activities along with detailed hydrogeological mapping need to be given greater emphasis.
